Abstract. Biogeographic theory argues that consumer-prey interactions are more intense, and prey defenses better developed, at lower latitudes. Along the Atlantic Coast of the United States, low-latitude salt marsh plants are less palatable than high-latitude conspecifics. To test the hypothesis that latitudinal variation in palatability would occur in the absence of geographically different environmental cues (i.e., that differences in palatability are constitutive rather than induced by climate or herbivore damage), we grew high-and low-latitude individuals of three species of salt marsh plants from seeds (Solidago sempervirens) or rhizome cuttings (Distichlis spicata and Spartina alterniflora) in a commongarden greenhouse environment, and compared their palatability to herbivores over time. We also quantified leaf toughness and nitrogen content over time in order to help explain results of feeding assays. High-latitude plants were always more palatable to herbivores than low-latitude conspecifics. Latitudinal variation in plant traits depended on the plant species. Toughness varied as a function of latitude for Spartina, with low-latitude plants being consistently tougher than high-latitude conspecifics. For all generations of Spartina, and for seed-propagated Solidago, high-latitude plants had a higher nitrogen content than low-latitude conspecifics. The fact that latitudinal differences in palatability and traits of salt marsh plants persisted in a common-garden environment suggests that this variation is constitutive, and likely under genetic control, rather than a plastic response to environmental cues. These results are consistent with the theory that latitudinal differences in herbivory have selected for geographical variation in plant palatability, although we cannot rule out other selective forces that may also vary across latitude.
INTRODUCTION
A central paradigm of biogeography is that consumer-prey interactions vary across latitude, with predation and herbivory being more intense in the tropics than the temperate zones. Theory predicts that increased consumer pressure at low vs. high latitudes should select for increased defenses of prey (McArthur 1972 , Bakus and Green 1974 , Vermeij 1978 , Jeanne 1979 , Coley and Aide 1991 , Jablonski 1993 ). In the case of plant-herbivore interactions, greater herbivore pressure will increase the risk of damage and the potential benefit of defenses, favoring enhanced defenses against herbivory (Feeny 1976 , Levin 1976 , Coley et al. 1985 . Herbivore pressure might be greater at low latitudes because of less severe abiotic control of herbivore populations or greater predictability and productivity of plants (Coley and Aide 1991) .
Most studies on latitudinal variation in plant-herbivore interactions are consistent with the general hypothesis that tropical plants are better defended than temperate ones (Hay and Fenical 1988, Coley Bolser and Hay 1996, Pennings et al. 2001) , although brown algae and boreal trees show no trend or the opposite trend (Van Alstyne and Paul 1990 , Steinberg 1992 , Steinberg et al. 1995 , Swihart et al. 1994 . The most comprehensive data set on this topic comes from work in Atlantic Coast salt marshes. Palatability trials with fresh plants conducted in multiple seasons and years demonstrated that both high-and low-latitude herbivores strongly preferred to eat highvs. low-latitude plants of 10 species (the bulk of the plant community) . Several plant traits, including toughness, chemical defenses, and N content also varied across latitude and may be the proximate factors explaining this striking geographic pattern in palatability (Siska et al. 2002) . Although we know quite a bit about latitudinal variation in plant palatability in this system, and have an emerging understanding of how plant traits contribute to variation in palatability, work to date has not examined whether latitudinal variation in palatability is constitutive or is a plastic response dictated by differences in the environmental conditions experienced by the plants. Herbivore pressure can select for either constitutively expressed or inducible plant defenses (Karban and Baldwin 1997, Agrawal 1998) . Plants are highly plastic for a variety of traits, and individuals within a species may largely vary in growth rate, size, reproduction, allocation to different organs, and chemical composition (Callaway et al. 2003) . Furthermore, phenotypic plasticity in chemical defense is thought to play a major role in plant-herbivore interactions, with cues associated with herbivores causing an increase or induction of the defensive phenotype of the plant . Thus, latitudinal differences in plant palatability might be constitutive or might be induced by latitudinal differences in environmental cues such as herbivore damage or physical stress. We know almost nothing about the importance of these two mechanisms in producing geographic patterns in plant palatability.
Here, we test the hypothesis that latitudinal variation in palatability of salt marsh plants will occur in the absence of geographically different environmental cues (i.e., that differences in palatability are constitutive rather than induced by climate or herbivore damage). To test this hypothesis, we grew high-and low-latitude individuals of three species of salt marsh plants from seeds or rhizome cuttings in a common-garden greenhouse environment, and compared their palatability to herbivores over time.
METHODS

Collection sites
Salt marshes are the dominant intertidal habitat along the Atlantic Coast of the United States , and offer an attractive system for examining latitudinal variation in plant palatability. Similar plant and animal communities occur across a wide latitudinal range, making it possible to make intraspecific comparisons across latitude (Pennings and Bertness 1999) . Moreover, herbivory in salt marshes can control the biomass and/or distribution of plants . To examine latitudinal variation in plant palatability, we worked at sites located at high latitudes (northeast coast of the United States) and low latitudes (southeast coast of the United States). To ensure that working at any one site did not bias the results, we collected plants and seeds from ten replicate sites in each region (Appendix A). Logistical constraints precluded sampling of mid-Atlantic or Canadian sites.
Plants and herbivores
We worked with three plant species common at both high-and low-latitude sites: two C 4 grasses, the smooth cordgrass Spartina alterniflora Loisel and the spikegrass Distichlis spicata (L.) Greene, and a C 3 forb, the seaside goldenrod Solidago sempervirens L. (hereafter Spartina, Distichlis, and Solidago). These species were selected from the 10 studied by because they were present at all our sites and easy to propagate from seed or cuttings. They included the most abundant Atlantic Coast salt marsh plant (Spartina), and representative species of the three major elevation zones (low-marsh, intermediate, and terrestrial border, respectively). Logistical constraints limited us to working with only three species.
Solidago plants were propagated by seed. We collected multiple seeds from at least six individual plants from each of the 20 sites in the fall of 2002. Seeds from within a site were pooled, brought to the laboratory, and kept refrigerated for five months. Solidago seeds were germinated in the spring of 2003, and four to 10 seedlings raised to adulthood per site. Distichlis and Spartina were propagated clonally. Four individual ramets of Spartina and four rhizome cuttings, each with several shoots, of Distichlis were collected from each site in June of 2002. To minimize the possibility of collecting multiple individuals of the same genotype, we collected ramets that were spaced widely from one another. Genetic diversity in Spartina populations is high, and thus there is little likelihood of repeatedly sampling the same clone with collections taken Ͼ1 m apart (Richards et al. 2004) . Individual plants were potted and kept under common-garden conditions and free of herbivory in a greenhouse at the University of Houston. All three plant species were potted in a mixture of 60% potting soil (Fafard's Professional Formula 52 Mix, Fafard, Agawam, Massachusetts, USA) and 40% sand, kept under shadecloth in summer months, cooled with swamp coolers, and watered heavily with fresh water. These conditions did not mimic those of any parental field population but rather provided common conditions favorable for growth of plants from all sites. Individual ramets of Spartina and Distichlis collected in the field (here referred to as ''generation 1'') were allowed to acclimate in the greenhouse for one month before being used in feeding trials. Successive clonal generations of Distichlis and Spartina were separated from the mother plant and repotted periodically as growth rates permitted (approximately two to three times per growing season). We followed Distichlis for a total of four generations and Spartina for five generations. Given that we raised Solidago from seed, we felt that one full generation was sufficient to test our hypothesis, because maternal effects affecting palatability to herbivores tend to be short-lived (Agrawal 2002) .
To compare the relative palatability of plants from high-and low-latitude sites, we offered them to adult individuals of the grasshoppers Orchelimum fidicinum Rehn and Hebard 1907 (Tettigoniidae) (Spartina), Orphulella pelidna Burmeister 1838 (Acrididae) (Distichlis, Spartina), Paroxya clavuliger Serville 1838 (Acrididae) (Solidago), and Dicromorpha elegans Morse 1896 (Acrididae) (Distichlis). These herbivores were chosen because they were among the most common leaf-chewing herbivores feeding on each plant species (C. Salgado and S. Pennings, personal observations) . Previous results indicated that the source of the herbivore (high-versus low-latitude sites) did not PLATE 1. Paired feeding assays. From left to right: grasshopper housed individually with a choice of an undamaged leaf from a high-and a low-latitude Solidago plant; high-and low-latitude leaves of Soldago, Distichlis, and Spartina after being offered to herbivores in paired-choice feeding assays. In each case, low-latitude leaves (indicated with ''S'' or a black mark) received less damage than high-latitude leaves.
affect feeding preferences ). The animals used in these feeding trials were collected from salt marshes around Sapelo Island, Georgia, except the O. pelidna that were used for the feeding trials with the fourth clonal generation of Distichlis and the fifth clonal generation of Spartina, which, for logistical reasons, were collected in salt marshes near Surfside, Texas.
Feeding trials
We measured relative plant palatability using pairedchoice feeding assays (see Plate 1, Appendix B). Feeding assays were conducted following . Consumers were collected in the field, brought to the laboratory, and experiments were set up approximately one hour after plant material was obtained. Grasshoppers were housed individually within 1000-mL glass jars, and were offered a choice between an undamaged leaf from a high-latitude plant and one from a conspecific low-latitude plant. To reduce any effect of leaf age on herbivore preference, we collected leaves in standard positions (e.g., second fully expanded leaf). High-and low-latitude sites were randomly paired, with clones selected haphazardly from within each site, and each feeding trial began with up to 23 replicates, depending on the availability of herbivores. Individual replicates were checked twice a day and were terminated when substantial feeding (ϳ30%) on at least one leaf had occurred or at the end of the third day. Replicates in which both leaves were completely consumed or in which neither leaf was eaten after a period of 72 hours provided no information on latitudinal variation of plant palatability and were omitted (total of nine replicates). Individual consumers were used only once.
Feeding trials were conducted for all the clonal generations of Distichlis and Spartina (four and five generations, respectively) and for seed-germinated Solidago that had been raised to adulthood. Feeding was measured as square millimeters of leaf area consumed. Consumption was compared between geographic regions with paired t tests. To determine whether the strength of the preference shown by consumers changed among clonal generations, we subtracted the amount consumed of the low-latitude plant from the amount consumed of the high-latitude plant for each replicate. Differences in consumption were compared across generations with ANOVA.
Field experiment
We also compared the palatability of high-and lowlatitude Solidago using potted plants and a natural assemblage of herbivores in the field. Two undamaged leaves on each of four healthy plants per site (eight high-and eight low-latitude sites, for a total of 64 plants) were measured and tagged. Potted plants were placed in the field at the Airport Marsh, on Sapelo Island, Georgia. Common grasshoppers observed at the site included Orchelimum fidicinum, Paroxya clavuliger, and Orphulella pelidna) (C. Salgado and S. Pennings, personal observation). Plants were placed in the high marsh adjacent to naturally occurring Solidago. Mammalian herbivores were excluded with a fence. After 15 days, the amount of accumulated damage on tagged leaves was measured. Values for individual leaves and plants were averaged to yield a single value per site. We examined variation in the amount of leaf tissue consumed between high-and low-latitude source populations with a two-sample t test, using sites as replicates. Similar field assays were not conducted with the other plant species for logistical reasons.
Toughness and nitrogen content measurements
To help explain results of feeding assays, we quantified leaf toughness and nitrogen content, which are important aspects of plant palatability (Pennings et al. 1998 ). We measured leaf toughness using a penetrometer, similar to that described in Pennings et al. (1998) . Briefly, penetrometer measurements determined the force necessary to drive a steel rod through leaf tissue.
We tested four individual leaves per generation per site from each plant species. Values of individual leaves were averaged to yield a single value per species per generation per site. We examined variation in toughness using two-sample t tests.
To measure N content, plant material was freezedried and pulverized using an amalgamator. CHN analysis was performed in the laboratory of Dr. Samantha Joye, at the University of Georgia, using a ThermoFinnigan Flash Elemental Analyzer (Thermo Electron Corporation, Waltham, Massachusetts, USA). Nitrogen content (percentage of dry mass) was arcsine squareroot transformed and compared for each species using a two-sample t test (two leaves nested within a site and sites as units of replication).
RESULTS
Feeding trials
Despite being raised in a common garden, greenhouse environment, high-and low-latitude plants did not converge in palatability. Overall, 13 of 13 trials resulted in a significant preference for high-vs. lowlatitude plants. In most cases, preferences were strong, with herbivores eating several times more of the highlatitude plant than of the low-latitude plant. This pattern held true across all plant species and generations, independent of the herbivore used (Spartina, Fig. 1A ; Distichlis, Fig. 2A and B; Solidago, Fig. 3A) .
The strength of the preference (difference in consumption of high-vs. low-latitude plants) did not vary among generations of Spartina (generations 1-4 [herbivore, Orchelimum], ANOVA, F 3,70 ϭ 1.10, P ϭ 0.35; conclusions do not change if generation 5 [herbivore, Orphulella] is included). For Distichlis, the strength of feeding preferences did not vary among generations for the herbivore Orchelimum (generations 1-3, AN-OVA, F 2,50 ϭ 0.26, P ϭ 0.78, conclusions do not change if generation 4 [herbivore, Orphulella] is included), but did for the herbivore Dichromorpha, because there was a stronger difference in consumption within the third generation than within the first two (generations 1-3, ANOVA, F 2,43 ϭ 8.34, P ϭ 0.001, conclusions do not change if generation 4 [herbivore, Orphulella] is included).
For Solidago, herbivores preferred plants germinated from seeds collected at high-vs. low-latitude sites, regardless of whether assays were conducted in the laboratory or in the field (Fig. 3A) . Although we did not conduct assays with ''wild'' Solidago collected directly from the field, previous work by with field-collected plants showed strong preferences for high-over low-latitude plants (significant in 11 of 17 assays).
Toughness measurements
Greenhouse-raised Spartina differed in toughness across latitude, but Distichlis and Solidago did not. For Spartina, low-latitude plants were tougher than highlatitude conspecifics in all clonal generations except for the first, which was marginally significant (Fig. 1B) . For Distichlis, low-latitude plants always tended to be tougher than high-latitude conspecifics, but the differences were small and never significant (Fig. 2C) . Similarly, Solidago germinated from seeds collected at high-vs. low-latitude sites did not differ in toughness (Fig. 3B) . Note that because the penetrometer apparatus that we used differed from that used by Pennings et al. (1998) , the values are not directly comparable.
Nitrogen content
Greenhouse-raised Spartina and Solidago differed in nitrogen content across latitude, but Distichlis did not. High-latitude Spartina plants had a higher N content than low-latitude conspecifics in all clonal generations except for the first, which was only marginally significant (Fig. 1C) . Nitrogen content of greenhouse-raised Distichlis did not vary across latitude (Fig. 2D) . Solidago germinated from seeds collected at high-latitude sites had a higher N content than did low-latitude conspecifics (Fig. 3C ).
DISCUSSION
Previous work has documented a striking, community-wide pattern of latitudinal variation in palatability of salt marsh plants along the Atlantic Coast of the United States ). Our results presented here indicate that this variation in palatability is constitutive rather than plastic, and also shed light on the proximate plant traits mediating this variation. To the best of our knowledge, this study is the first to examine the role of fixed vs. plastic mechanisms controlling variation in plant palatability at the latitudinal scale. The ultimate factors driving latitudinal variation in plant palatability in coastal salt marshes, however, remain to be explored. Below, we discuss each of these points in turn.
We found that high-latitude salt marsh plants were always more palatable than low-latitude conspecifics under common-garden conditions after plants were either germinated and raised to adulthood (Solidago) or propagated through several clonal generations (Spartina and Distichlis). Overall, 13 of 13 feeding-preference trials with four different herbivore species resulted in a significant preference for high-vs. lowlatitude plants. Our results were more consistent than the tests with field-collected plants reported in , which always included some nonsignificant trials. The preference for high-vs. low-latitude plants was similar across different experiments and clonal generations. In the case of seed-germinated Solidago, similar preference patterns were obtained in both laboratory and field experiments. In the case of Spartina, the direction and strength of the preference shown by consumers did not change over successive clonal generations. In the case of Distichlis, preferences again did not change over clonal generations when Orchelimum was used as the herbivore. When Dicromorpha was used as the herbivore for feeding trials with Distichlis, the preference for northern plants shown in generation 3 was even stronger than the previous generations. Because this pattern occurred with only one of the two herbivores, it is unlikely to reflect any important change in plant characteristics, but rather probably reflects some minor variation in the assay process. In any case, because the preference increased under common garden conditions, rather than decreased, it argues all the more against latitudinal differences being a plastic response to the environment that would diminish under commongarden conditions. In sum, the fact that latitudinal variation in palatability was maintained under common garden conditions suggests that latitudinal differences in palatability of the three plant species tested are not primarily plastic responses driven by latitudinal variation in environmental conditions, but rather are constitutive differences that may be under fixed genetic control.
Our experiments focused on the large differences in palatability that are observed across latitude, and asked whether these differences would disappear in a common-garden environment. Thus, we did not explicitly test for the existence of inducible defenses, and we would be surprised if these did not exist in salt marsh plants. Rather, our results demonstrate that inducible defenses, if they exist, are not sufficient to explain the large differences in palatability observed at the geographic scale.
Theory suggests that constitutive strategies should be favored when the environment is relatively predictable, whereas induced strategies should be favored when the environment is unpredictable (Karban and Baldwin 1997) . Salt marsh plants are abundant and in most cases perennial, and occur in predictable habitats in low-diversity communities, and therefore should be highly apparent to herbivores. Moreover, variation in herbivore pressure is predictable at the geographic scale (S. C. Pennings, C. S. Salgado, and C. K. Ho, unpublished data). Thus, our results are consistent with the notion that constitutive strategies are favored when the environment (probability/intensity of attack) is predictable (Clark and Harvell 1992, Å strö m and Lundberg 1994) .
Our conclusion that latitudinal differences in palatability are constitutive is consistent with past studies that have suggested that salt marsh plants may differentiate genetically across latitude, or in traits that affect palatability to herbivores. O'Brien and Freshwater (1999) documented latitudinal variation in genetic structure of S. alterniflora, and Seliskar et al. (2002) demonstrated that geographic differences in a variety of traits of S. alterniflora persist over six years in a common-garden environment. Finally, invasive populations of S. alterniflora in Willapa Bay, California that have been without herbivores for many generations appear to lack genetic resistance to herbivory, either because of founder effects or lack of selection for resistance (Daehler and Strong 1997, Garcia-Rossi et al. 2003) . Thus, it is consistent with these results to conclude that variation in palatability of salt marsh plants across latitude might be under strong genetic control.
Given the evidence that latitudinal differences in plant palatability in coastal salt marshes are constitutive, it is of interest to determine what plant traits may be the proximate determinants of this variation in palatability. A variety of plant traits including toughness, nitrogen and mineral content, and secondary metabolites may affect palatability to consumers Paul 1992, Pennings et al. 1998) , and any of these might differ across latitude. Because it is logistically difficult to measure every single trait that might matter to herbivores, we centered our attention on toughness and nitrogen content, both of which are relatively easy to measure. Leaf toughness has been shown to be an efficient anti-herbivore defense (Feeny 1970 , Coley 1983 , 1987 , Raupp 1985 . Nitrogen content is an important component of leaf nutritional quality (White 1978 (White , 1993 , and several studies report it to affect herbivore choices within a plant species (Vince et al. 1981 , Denno et al. 1986 , Bowdish and Stiling 1998 , Gratton and Denno 2003 , with N-rich plants appearing to be more attractive to herbivores than N-poor plants.
Using plant extracts and fresh and reconstituted plant material, Siska et al. (2002) found that no single trait explained latitudinal variation in palatability for all salt marsh plants. In regards to the plants studied here, toughness varied as a function of latitude for Spartina, and nitrogen content varied as a function of latitude for Distichlis and Spartina (Siska et al. 2002) . In agreement with Siska et al. (2002) , we found latitudinal variation in toughness and nitrogen content of Spartina, no latitudinal variation in toughness of Solidago, and inconclusive patterns in toughness of Distichlis. In contrast to Siska et al. (2002) , we did not find latitudinal variation in nitrogen content of Distichlis, although in both studies there was considerable temporal variation in the strength of the latitudinal differences. Finally, we found clear latitudinal variation in nitrogen content of Solidago, whereas Siska et al.'s data were inconclusive for this species, with their early-season comparisons showing stronger differences than late-season comparisons, likely because late-season plants were flowering and rosette leaves beginning to senesce. Although these results continue to shed light on latitudinal differences in plant traits, we did not perform experiments in which we manipulated traits to address consumer responses, and so our understanding of the relationship between latitudinal differences in traits and differences in palatability remains correlative rather than causal. Importantly, however, when we found differences in plant traits (e.g., toughness and N in Spartina), these differences persisted across clonal generations in the common-garden environment, again suggesting strong genetic control of plant traits across latitude.
Our results come with three potential caveats. First, feeding assays were conducted with consumers collected only from low-latitude sites. , however, found that both high-and low-latitude salt marsh herbivores prefer high-versus low-latitude plants, and so it is unlikely that the origin of consumers affected our results. Second, the plant propagation process and palatability assays were not replicated in greenhouses at both high-and low-latitude sites. Our greenhouse environment was not a match to either native environment, and was probably less physically stressful than either (see Methods), but it is conceivable that results might have differed in some other greenhouse environment (Haukioja et al. 1983) . Results of a pilot experiment with Spartina alterniflora; however, suggest that this prospect is not likely. We grew 12 high-latitude (Rhode Island) and 12 low-latitude (Georgia) clones of S. alterniflora to the third clonal generation in a Rhode Island greenhouse. After two years, high-latitude plants were strongly preferred by the grasshopper Orchelimum over low-latitude clones (n ϭ 12, t ϭ 6.74, P Ͻ 0.0001), just as reported here for plants grown in a Houston greenhouse. Third, because we only assessed the palatability of one generation of Solidago, the respective results might still reflect the conditions experienced by the parental generation. However, because maternally induced resistance to herbivores is short-lived in progeny plants, rapidly relaxing in the face of low herbivore pressure (Agrawal 2002) , we think it unlikely that our results were influenced by maternal effects.
Given that latitudinal differences in palatability and plant traits exist, we can speculate about the selective forces that create and maintain this variation. Our work has been presented in the context of standard biogeographic theory, arguing that consumer-prey interactions are more intense at lower latitudes, and hence that prey defenses should be better developed at lower latitudes. Some evidence ; S. C. Pennings, C. S. Salgado, and C. K. Ho, unpublished data) does suggest that in Atlantic Coast salt marshes, herbivore densities and damage to plants are greater at low vs. high latitudes. This, however, would not exclude other factors from selecting for geographic variation in plant palatability. For example, differences in growing season length are correlated with leaf toughness (Wright et al. 2004) , and hence might affect plant palatability to herbivores. Similarly, N content increases with latitude across a wide variety of plant taxa, likely as a response to geographic variation in growing season length and soil nutrient availability (Reich and Oleksyn 2004) , and these differences in leaf N might affect plant palatability to herbivores. Thus, although our results are consistent with the theory that herbivore pressure selects for latitudinal variation in plant palatability, we cannot discard the possibility that other selective pres-sures are simultaneously mediating this latitudinal pattern of palatability.
Understanding the genetic and environmental bases of intraspecific variation and how they covary on broad geographic scales is an important goal of evolutionary ecology, dating back to seminal work by Clausen et al. (1940) . Such information can provide important clues to how organisms adapt to different and changing environments. Our results suggest that latitudinal variation in the palatability of Atlantic Coast salt marsh plants, and the traits that might mediate palatability, are constitutive, and thus likely under genetic control. Although we did not explicitly test for induced defenses, our experiments demonstrated that plastic responses to herbivory, if present, are small compared with the dramatic constitutive differences in plant palatability observed in the field across latitude.
